Abstract. In this paper, a novel multilevel inverter topology is proposed which uses lesser switches and anti-parallel diodes are eliminated in the circuit configuration of the multilevel inverter. Optimal switching strategy for the inverter using three different Space Vector Pulse Width Modulation (SVPWM) techniques is analyzed based on the power quality indices. The proposed model is simulated and tested using MATLAB/Simulink. Owing to the switching techniques used the harmonic content at the output of the inverter is mitigated which results in a lesser value of total harmonic distortion. Reduced number of power electronic switches results in lesser power loss. The performance of the proposed system is validated with simulation results of conventional multilevel inverters and pulse width modulation control methods. The results for various performance parameters such as efficiency, switching loss, voltage magnitude, and total harmonic distortion are analyzed.
Introduction
Focus on Multi-Level Inverters (MLI) has gained significant interest in recent years. Its application in different areas where the desired output is attained with low switching frequencies and also its use in high power applications with reduced distortions or harmonics have made the researchers concentrate more on MLI when compared to the primary two-level inverter. So multilevel inverters yield quality output and the switching losses are very less and have high voltage capability [1] . However, to achieve a multilevel output, the inverter needs to increase the number of switches, diodes, and capacitors. This leads to an increase in switching losses and conduction losses which reduces the overall efficiency of the inverter.
In multilevel inverters, series of switches are used with many low power DC sources to produce stable voltages in-order to produce the desired multilevel AC output. Several multilevel inverter topologies have been proposed in the literature, among which three topologies draw more interest than others. The three traditional multilevel inverter topologies are the Diode Clamped or Neutral Point Clamped (NPC) [2] , the Flying Capacitors (FC) [3] , and the cascade H-bridge (CHB) [4] . The NPC topology is a simple one which involves a common DC bus from which different output voltage levels are achieved by series connected capacitors. Clamping diodes are incorporated to limit the voltage across the capacitors and to reduce the voltage stress across every switch. With the increase in the number of output levels, the usage of clamping diodes also increases. Moreover, the voltage unbalance in specific operating regions is significant drawbacks of NPC multilevel inverter. In NPC number of levels can be increased by increasing the number of diodes, harmonics can be reduced using simple PWM control, but it is complicated to control real and reactive power flow due to a high number of switches [5] [6] [7] .
The FC MLI is similar to that of the NPC MLI wherein flying capacitors replace the clamping diodes. Redundancies for inner voltage levels are the main advantage of the FC MLI. It provides real and reactive power support. However, it has many drawbacks like; the control circuit is complex, and more FCs is involved when the number of level increases. This makes the system bulky and the cost increases [8] . In cascaded multilevel inverters, many H bridge inverters are attached in series to provide the desired output. This topology has reduced the number of components as compared to the other two topologies, but every H bridge needs a separate DC source which makes the system bulky and costlier. The soft switching techniques can be used to reduce switching losses. The main drawback is the reactive power control is complex [9] . Now, the concern is to design a new topology for a multilevel inverter with a smaller number of switches, diodes and DC sources. The switching losses can significantly be reduced by limiting the switch count. Also, by reducing the DC sources, the overall efficiency of the system is improved. A capacitor voltage balancing MLI was discussed in [10] , which reduce the number of DC source and switching losses.
Hybrid multilevel inverters are proposed [11] with a single DC source to produce an improved output voltage. In [12] a five-level active neutral-point clamped (ANPC) converter was proposed which is a kind of hybrid converter which includes three-level ANPC converter and a two-level cell. It requires eight switches in a single phase of ANPC if switches with different blocking-voltages are employed. To reduce the count of independent dc sources in CHB-MLI, single dc input powered improved cascaded MLI (IC-MLI) topology was introduced [13] employing low-frequency single-phase transformers (LF-SPTs). It consists of one dc input source. The main feature of this cascaded MLI is that it uses only one input dc power source. However, the number of switching devices in cascaded MLI is identical to conventional MLIs. Also, it uses a low-frequency single phase transformer for each H-Bridge. Therefore, this topology reduces cost as well as improves the efficiency and reliability.
To reduce the number of LF-SPTs and switching devices in cascaded MLI, a single dc input powered improved cascaded auxiliary MLI (ICA-MLI) topology was introduced [14] . In this topology, each phase consists of an H-bridge inverter along with an auxiliary inverter circuit. The auxiliary inverter circuit consists of four power diodes and a single power switch. This topology reduces the LF-SPTs and switches, but it requires a large number of power diodes and has losses associated with it. MLIs are used in various applications nowadays. Stand-alone photovoltaic (PV) systems require Multilevel inverters with single source [15] to improve the efficiency of the system. Multilevel inverters are also used to mitigate voltage harmonics at the point of common coupling [16] . Also, multilevel inverters are used in STATCOMs [17] to optimize both the switching angles and the DC voltage levels so that the harmonics can further be reduced. A new MLI topology which overcomes all the drawbacks mentioned above is proposed with a minimum number of switches and a single transformer which can be used for various applications. This paper is structured into various sections. In Section 2 the new topology was proposed, and the working principle of the proposed multilevel inverter was discussed. Section 3 presents the Space vector pulse width modulation control technique which is applied to the proposed multilevel inverter. Also, the Unipolar Space Vector Reference (USVR) signal and its generation were discussed. In Section 4 the results were discussed with various PWM techniques. In Section 5 the performance of the proposed inverter was compared with various modulation strategies and for various modulation indices. Also, the proposed inverter topology was compared with few existing techniques based on the THD and the components used.
Proposed topology

Proposed 3-phase enhanced cascaded multi-level inverter (EC-MLI) topology
In this paper, a new topology for 3-phase cascaded multilevel inverter is proposed, which overcomes the negative aspects of the existing topologies. In the proposed EC-MLI topology, the power diodes are eliminated which reduces the losses. The proposed topology is shown in Fig. 1 which involves three single-phase five-level inverter represented by, Phase A, B and C, which is coupled by Primary Center Tapped-Three Phase Transformer (PCT-TPT). The individual phase of the inverter circuit is structured by four power switches to and two voltage balancing 
Also, the dc input and are applied to either the upper or lower primary winding of the transformer which is represented as or respectively. With the primary center tapped transformer, the input and the output voltage are related to the turns ratio as expressed in Eq. (3) and Eq. (4):
where:
The following are the switch positions to produce the five-level output voltage using the EC-MLI topology. Below mentioned are the switch positions for Phase A:
• To generate an output voltage of ( = + /2), turn on switch .
• To generate an output voltage of ( = + ), turn on switch .
• To generate an output voltage of ( = 0), turn off all power switches to .
• To generate an output voltage level ( = − /2), turn on switch .
• To generate an output voltage level ( = − ), turn on switch . The working principle of the proposed topology along with the conduction path for the five levels of operation is presented in Fig. 3 . The voltage at the output of EC-MLI for a complete switching period, from 0 to 2 for one phase (Phase A) is shown in Fig. 4 , and the voltage magnitude is represented as . The output voltage and current are given by Eq. (5) and Eq. (6) respectively: 
Control strategy for the proposed topology
Now, in order to generate the required multilevel output voltage for different time intervals with the available DC voltage, the switches to has to be turned ON and OFF precisely. To generate the desired first output voltage with fewer distortions, proper switching techniques has to be incorporated. The traditional method to generate gating pulses to the power switches is Pulse Width Modulation (PWM) technique. There are two types of high-frequency switching PWM techniques, namely Space Vector PWM and Sinusoidal PWM. Among the two, Space vector pulse width modulation (SVPWM) has the following features: better harmonic quality extended the linear range of operation [18] and good utilization of DC link voltage. Multicarrier techniques have been proposed in many kinds of literature which reduce the distortions in the output of the multilevel inverter. Here, the unipolar multicarrier SVPWM method is proposed for a 3-phase five-level EC-MLI, due to its pros like less switching losses and also produces low electromagnetic interference [19] . In this modulation technique, a Unipolar Space Vector Reference (USVR) signal with triangular multicarrier waves is used to generate a gating signal for an EC-MLI. In the unipolar triangular multi-carrier technique, we require ( -1)/2 triangular carriers with the same frequency and equal amplitude to generate an -level inverter output. Fig. 5 shows the switching pattern and gating pulses adopted for the proposed EC-MLI. Each triangular wave and the generated USVR is continuously compared to generate the gating signals. If the amplitude of the USVR wave exceeds the amplitude of the triangle carrier, then the corresponding switches are turned on. Else, the switches are turned off. From Fig. 5 , it is observed that USVR wave is compared with the respective carriers which generate the signals and . These signals are used to generate the gating signals to , by the phase angle displacement. The switching patterns of the proposed multilevel inverter are represented in terms of logical NOT, AND, OR gates from Eq. (7) through (10):
where to represents an operational interval of switching strategies shown in Fig. 5 . To generate the USVR wave, the 3-phase balanced sinusoidal quantities are transformed to their equivalent two-phase quantities in stationary reference frame using the Clarke transformation. Then the vector magnitude and angle of the two-phase quantities are calculated and used for modulating the inverter output Eq. (20) . Fig. 6 shows the space vector where the space phasor of the output voltage stays in each of the positions 1 to 6 for a time interval corresponding to 60° of the fundamental period and jumps to the next position at the end of every 60°. Reference voltage vector ( ) derived from the vector summation of all three modulating voltages, is rotated in an anti-clockwise direction from one sector to another at a constant angular speed ( ) for steady state operating condition. Moreover, the time taken by to complete one revolution is equal to the fundamental period of the output voltage. Therefore, the calculations of time variables are given in Eq. (11) to (13):
= − − . 
Results and discussions
The 3-phase 5-level EC-MLI is modelled using power system toolbox in SIMULINK. It is configured by three single-phase five-level inverters named as, Phase A, Phase B, and Phase C, which are connected to the load through a PCT-TPT. In this topology, a single DC input is used to which every phase is connected in parallel. The unipolar multicarrier PWM technique is considered here. The proposed switching strategy is based on level shifted multicarrier PWM technique with two carrier signals comparing the USVR signal. In level shifted PWM, the carrier signals are vertically shifted to each other. Few of the level shifted PWM techniques considered for this proposed work are unipolar phase disposition SVPWM (UPD-SVPWM), unipolar phase opposition SVPWM (UPO-SVPWM) and unipolar variable frequency SVPWM (UVF-SVPWM).
UPD-SVPWM
In Phase Disposition (PD) PWM all the carrier signals will have the same phase. For a five-level EC-MLI, two triangular carriers (i.e., Carrier-A and Carrier-B) which are in phase with each other. Also, both the carriers possess the same frequency = 5 kHz and have same amplitude = 0 to 1. To maintain the two carriers in contiguous bands, different offset voltages are used. Modulation pattern for five-level UPD-SVPWM is shown in Fig. 7(a) for a modulation index, = 0.8. Both the carrier waves are positioned above the zero references. The two carrier waves are compared with the USVR wave to generate the gating signals for the switches to . The synthesized ac output voltages for the three phases are shown in Fig. 7(b)-(d) and its harmonic spectrum is shown in Fig. 8 . 
UPO-SVPWM
In phase opposition (PO) PWM the carrier signals are out of phase by 180° phase. For a five-level EC-MLI, again two triangular carriers (i.e., Carrier-A and Carrier-B) of same frequency = 5 kHz are considered which are out of phase by 180°. The amplitudes for both the carriers are the same, with = 0 to 1. Since both the carriers are preferred to be in adjacent bands, different offset voltages are used. Modulation pattern for five-level UPO-SVPWM is shown in Fig. 9(a) for a modulation index of = 0.8. The synthesized ac output voltage for the three phases are shown in Fig. 9(b)-(d) . The harmonic spectrum is shown in Fig. 10 . 
UVF-SVPWM
For a five-level EC-MLI, two triangular carriers (i.e., Carrier-A and Carrier-B) with the different frequency = 5 kHz and = 10 kHz are considered, and the same amplitude = 0 to 1 is used. Contiguous bands are occupied with different offset voltages. Modulation patterns using the five-level UVF-SVPWM are presented in Fig. 11(a) for = 0.8. The synthesized ac output voltage and the Total Harmonic Distortion is shown in Fig. 12 .
Performance comparison
For the proposed multilevel inverter various PWM switching techniques were applied and simulation was done using the Simulink power System tool. The performance of different methods like UPD-SVPWM, UPO-SVPWM, and UVF-SVPWM at the modulation index of = 0.8 in the context of Total Harmonic Distortion is measured and compared using FFT block, and their values are shown in Table 1 along with the Distortion Factor (DF) and Crest Factor (CF). The expression for Distortion Factor (DF) and Crest Factor (CF) is expressed in Eq. (14) and Eq. (15) respectively. Also, Table 2 shows the peak voltage of inverter output and the THD for various modulation indices. When the modulation index is nearing unity, the THD decreases and the peak output voltage of the inverter increases:
= .
Compared to all the PWM methods, it is inferred that UVF-SVPWM method provides low THD. The peak voltage of inverter output, DF and CF are almost same for all the PWM methods. The THD and peak voltage of inverter output is studied using the FFT block for different values of modulation index ranging from 0.4 to 1, and the corresponding values are shown in Table 2 . It is evident that the UVF-SVPWM method provides lower THD and better fundamental peak voltage when the modulation index is nearing unity. 
where is the voltage drop in ON state of the diode, is the internal resistance of the diode, ( ) is the current flowing through the diode. The average conduction loss is given by:
where ( ) is the number of conducting diodes ( ) is the load current.
Power loss in the capacitor is negligible and varies based on the switching frequency of the converter. The switching losses are calculated using ON and OFF time period. The energy loss during ON time period is:
where , is the loss during ON time period of the th switch, is the turn ON time period, is the current through the switch after switching ON, , is the voltage across the switch. Similarly, the energy loss in the OFF time period is calculated as:
where is the turn OFF time of the th switch, is the current through the switch before turning OFF. The power loss in switches is given by:
where represents the number of transitions made by the th switch and the current for switching is same as before and after switching. The total inverter losses are given by [23] : In this paper, the proposed 3-phase EC-MLI produces five output levels. To generate five output levels with the existing multilevel inverters like DC-MLI, FC-MLI, CHB-MLI, IC-MLI and ICA-MLI, the component requirement is more when compared to the proposed topology as given in Table 3 .
From Table 3 , the performance comparison of the proposed system with existing literatures was carried out with respect to the source parameters and the performance parameters. The proposed system has better efficiency, lesser switching losses and the total harmonic distortion is also reduced. We can observe that the DC-MLI and FC-MLI require ( -2)×( -3)×3 number of clamping diodes and clamping capacitors excluding the balancing capacitors in the latter case, to generate -level outputs respectively. A CHB-MLI requires ( -3)×3 number of independent DC sources. The basic three topologies like DC-MLI, FC-MLI and CHB-MLI needs ( -1)×( -3)×3 number of switches. These topologies need an enormous number of components, and so they are not advisable for applications requiring high power/voltage. An IC-MLI requires only one DC source, ( -1)×( -3)×3 number of switches and ( -2)×2 output transformers. An ICA-MLI needs [( -1)+1]×3 number of switches and ( -2) output transformers. These two topologies have minimum power devices compared with the basic topologies. The proposed method is more advantageous as for as the switch count and cost is considered and the system size is less when compared with the conventional approaches. Also, the complete elimination of diodes is achieved. 
Conclusions
A new five-level inverter was proposed with possible minimum switch count. The working principle of the proposed multilevel inverter was discussed. This topology uses only four switches and one transformer to produce the five-level inverter output. Moreover, the usage of diodes is eliminated which reduces the conduction losses in the system. Also, using MATLAB SIMULINK power system toolbox, the proposed topology was simulated with various multicarrier SVPWM switching techniques like the UPD-SVPWM, UPO-SVPWM, and UVF-SVPWM. The THD, Distortion factor, Crest factor, and Peak voltages were observed for different values of modulation index varying from 0.4 to 1. The results show that when the modulation index nears the unity the peak output voltage of the inverter increases and the THD decreases better in the case of UVF-SVPWM. Since the switch count is less, the cost and system size is reduced when compared with the traditional techniques.
